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The second volume of this study is dedicated to

the men and women of the National Aero-Space Plane Joint

Program Office at Aeronautical Systems Division, Wright-
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and whose motto is "The sky is no longer the limit."

iv



VOLUME II

TABLE OF CONTENTS

Foreword v

Case VI: Confronting Scramjet: The NASA Hypersonic Ramjet

Experiment vi-i

by John V. Becker

Chapter I: Origins and Start-Up 747

Chapter II: Development and Testing 789

Chapter III: HRE in Retrospect 823

Appendices:

A. Summary of HRE Costs 843

B. Selected Views and Opinions on the NASA HRE

Effort 845

Case VII: The Piloted Lifting Body Demonstrators: Supersonic

Predecessors to Hypersonic Lifting Reentry vii-i

by Richard P. Hallion and John L. Vitelli

Chapter I: The M2 and HL-10: NASA's Approach to

Lifting Body Technology 863

Chapter II: The Air Force and the Lifting Body Concept 893

Case VIII: Space Shuttle: Fulfillment of a Dream viii-i

by Richard P. Hallion and James 0. Young

Chapter I: The Path to the Space Shuttle 947

Chapter II: Hail, Columbia: The Initial Orbital

Flights of the STS 1175

Chapter III: From Flight Test to Operational System 1213

Chapter IV: Shuttle: The First Year of Operations 1255

Epilogue: Yesterday, Today, and Tomorrow: From Shuttle to the

National Aero-Space Plane 1283

by Richard P. Hallion

About the Editor 1389

v



FOREWORD TO THE SECOND VOLUME

The case studies in this second volume range from a bold

experiment to develop an actual supersonic combustion ramjet

engine for hypersonic flight, to piloted lifting body

demonstrators, and on to the Space Shuttle itself. Finally, this

volume contains a concluding essay that, in effect, is a case

study and introduction to advanced hypersonic vehicle concepts

pursued from the time of the Shuttle's inception to the onset of

today's National Aero-Space Plane (NASP) study effort.

As with the first volume, it is hoped that the case studies in

this one will prove useful to members of the hypersonic community

as they pursue contemporary projects, as well as to those seeking

an understanding of the past.

I wish to acknowledge with special gratitude the editorial

contributions to both Volumes I and II made by Ms. Mitzi Vitucci

of the ASD Directorate of History and subsequently the Life

Support System Program office, and the manuscript preparation

support given to this project by Vicki Cowburn of Headquarters

Squadron Section and Terri Anderson and Patricia Robbins of the

ASD Deputy Chief of Staff for Resource Management. In particular

I wish to thank Mr. Ronald C. Isemann, the Deputy Chief of Staff

for Resource Management, and Mr. Les Mosher of the Reprographics

Branch, for their assistance in bringing this study to fruition.

Finally, I wish to thank the staff of the ASD Directorate of

History, Mr. Albert E. Misenko, Dr. Bruce R. Wolf, Mr. James F.

Aldridge, Ms. Diana G. Cornelisse, and Joyce E. Bettencourt, for

their unfailing assistance to this project.

Dr. Richard P. Hallion
Harold Keith Johnson Visiting
Professor of Military History

Military History Institute

U. S. Army War College
Carlisle Barracks, PA 17013-5008

1 October 1987
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CASE VI

CONFRONTING SCRAMJET:

THE NASA HYPERSONIC RAMJET EXPERIMENT

by

John V. Beckkr



EDITOR'S INTRODUCTION

This case study is an anatomy of a failure. During the

mid-1960s, the National Aeronautics and Space Administration

attempted to develop a flight-worthy supersonic combustion ramjet.

This project, the Hypersonic Ramjet Experiment (HRE) (Figure 1),

cost approximately $50 million, and generated only one noteworthy

accomplishment: "the illumination of critical unknowns," as

author John V. Becker writes. It is a graphic example of what

happens when an immature technology is pushed too fast too soon,

in the absence of comprehensive thought and planning, and with

zeal replacing insight. Ultimately, the kind of technical

approach taken with the HRE--namely, the axisymmetric circular-

cross section podded engine a la earlier subsonic ramjets such as

those used on the Bomarc surface-to-air missile--was discredited,

and the modular scramjet approach where the engine is fully inte-

grated into the aircraft rose into prominence. The HRE story

reminds one of other great propulsion disappointments that afflict

aviation history, such as the British A. B. C. Dragonfly of World

War I. Like the HRE a half-century later, the A. B. C. Dragonfly

attempted to take an immature technology--in this case that of the

radial piston engine--and adapt it to the needs of high-

performance aircraft. The Dragonfly proved a disaster, and the

first successful radial engines did not appear for nearly another

decade. In the 1950s, the sad story of the Westinghouse J46

engine echoed some of the experience of the Dragonfly. In the J46

case, Westinghouse underestimated the difficulties of going from

the earlier J34 family of axial-flow turbojets to the more complex

and larger J46, assuming incorrectly that it involved little more

than a matter of scaling. The J46 taught turbojet engine

manufacturers bitter lessons in the importance of comprehending

engineering problems and capabilities, for the failure of this

engine program resulted in major disruptions and cancellations in
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the development of new military aircraft. The HRE story should be

read as a cautionary lesson by today's scramjet enthusiasts.

The scramjet is a form of ramjet engine that makes use of

supersonic combustion; the acronym scramjet is, in fact, an abbre-

viation of supersonic combustion ramjet. It is inextricably

caught up in the evolution of hypersonic aerodynamics--now more

than ever, since proponents now recognize the necessity of thor-

ough airframe-engine integration. Since the days of the original

Aerospaceplane concept of the 1950s and early 1960s and continuing

into the present-day studies of the National Aero-Space Plane

program, scramjet potentialities have influenced planners defining

and forecasting the final performance capabilities sought of such

vehicles. Fig. 2A offers a comparison of the scramjet and ramjet.

The ramjet itself--from whence scramjet sprang--has an inter-

esting aeronautical history. The "traditional" ramjet is of cir-

cular cross-section, and makes use of a spike-like inlet and

diffuser that acts in a method analogous to the compressor of a

conventional turbojet engine. Air entering through the inlet is

compressed, fuel is injected into it, the mixture is ignited, and

combustion is stabilized by some form of flameholders. The

exhaust jet passes through a convergent-divergent nozzle before

being expelled. Since the ramjet lacks a rotating compressor, it

requires boosting to some minimal airspeed (usually at least

250 mph) before it can sustain combustion and generate thrust

greater than its own drag. A close relative of the ramjet, the

pulsejet, powered the V-1 cruise missile of World War II. Because

the field of gas turbine and rocketry advanced so rapidly in the

1940s and 1950s, the ramjet rapidly dropped out of favor as a pro-

pulsion system for conventional aircraft. As propulsion historian

and hydrogen fuel pioneer John L. Sloop has written, "The ramjet,

always needing an auxiliary propulsion system for starting, got

squeezed between improved turbine engines and rockets during the

1950s and never recovered."'1  Nevertheless, its clear potentiali-

ties for hypersonic flight in the region between the turbojet and

the rocket understandably (as shown in Figure 2) led (and continue
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Figure 1
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FIGURE 2A

COMPARISON OF SUBSONIC AND SUPERSONIC COMBUSTION RAMJETS
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to lead) hypersonic advocates to examine its potential as a pro-

pulsion method for advanced aerospace systems.

The story of the ramjet begins with theoretical studies by

Rene Lorin in France in the years prior to World War I. Fellow

Frenchman Rene Leduc actively pursued ramjet development during

the 1930s and designed a pioneering ramjet-powered aircraft, the

Leduc 0.10, though the intervention of World War II prevented it

from flying until 1949. Interestingly, however, a group of Soviet

engineers and scientists pushed ramjet research further than advo-

cates in other nations in the years prior to World War II. In

April 1933, a team under the leadership of Yuri A. Pobedonostsev

bench-tested a small ramjet engine for five minutes. Recognizing

that the ramjet fully realized its advantages only at supersonic

speeds, they decided to build test ramjets from hollowed-out 76 mm

shells, firing them from artillery field pieces: an idea advanced

by British researchers in 1926. The modified shells had their

nosecaps removed in favor of aerodynamic inlets, and the bursting

charge replaced by solid fuel (white phosphorus or solidified

hydrocarbon). A nozzle throat replaced the baseplate of the

shell, and a sabot inserted into the nozzle prevented the powder

charge of the cannon from destroying the ramjet as it was fired.

From 1933 to 1935 the Pobedonostsev group fired a series of

cannon-launched ramjets, achieving speeds up to Mach 2 (though it

must be remembered that the muzzle velocity of the projectile was

already approximately Mach 1.72, indicating that the ramjet

boosted projectile speed by only approximately Mach 0.28).

Numerous problems manifested themselves, but, overall, the tests

encouraged Soviet ramjet enthusiasts to build small rocket-boosted

ramjets, again using solid fuel. A research team led by

Igor A. Merkulov launched several of these two-stage vehicles

(consisting of the rocket booster and the second-stage ramjet) in

1939; because of the small size of the models, the ramjets only

had fuel sufficient to reach an altitude of approximately

6000 feet following "staging" from the booster at approximately

2000 feet. Merkulov and Aleksei Shcherbakov (designer of

Nikolai Polikarpov's later biplane fighters) next decided to test
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FIGURE 2B

EARLY RAMJET CONCEPTS
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ramjets on aircraft to evaluate their potential as combat boosters

enabling obsolete fighters to engage higher-performance opponents.

Eventually, on January 25, 1940, test pilot Petr Loginov flew a

modified Polikarpov 1-152 biplane fighter powered by two auxiliary

liquid-fuel ramjets: the first flight by a ramjet-powered air-

craft in aviation history. The Soviets eventually conducted fur-

ther tests on modified 1-153 and Yak-7 fighters, (as well as some

miscellaneous types), until the rapid development of Soviet gas

turbines (using German and British technology) rendered such aux-

iliary propulsion schemes superfluous in the late 1940s.2 Before

and during World War II, (beginning with studies by

W. Trommsdorff) Nazi Germany likewise tested ramjet artillery

shells and modified Dornier Do 17Z and Do 217E-2 bombers carrying

experimental ramjets. By the end of the war, German designers

Alexander Lippisch and Eugen Sanger (among others) had numerous

ramjet-powered aircraft study projects underway. Experimental

ramjet artillery shells of 15 cm (5.9 in.) diameter were fired at

Mach 2.9 muzzle velocities, accelerating under ramjet propulsion

to speeds of Mach 4.2 before burn-out. The Nazi success with ram-

jet artillery contrasted sharply with Soviet efforts, and stemmed

from the greater care taken by the Germans to understand inlet and

combustion processes, and the behavior of a variety of solid,

liquid, and slurry fuels.3 (See Figure 2C)

In the United States, engineer Roy Marquardt pioneered ramjet

development during World War II, working under a Navy contract

with the University of Southern California. The Army Air Forces

tested some of his engines on modified testbed aircraft at the end

of the war. Two M.I.T.-designed 20 in. diameter ramjets mounted

on the wingtips of a modified North American P-51D Mustang boosted

the fighter's speed by 40 mph during trials in 1945 at Wright

Field. In 1948, Lockheed added two 30 in. diameter Marquardt ram-

jets to the wingtips of an experimental P-80 Shooting Star, and

the aircraft flew on the power of its ramjets alone, with the J33

engine at idle. 4  In 1949, Leduc's 0.10 reached speeds of more

than 500 mph following release at 200 mph from the back of a modi-

fied SE 161 Languedoc transport. He developed two advanced
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FIGURE 2 C
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prototypes, the 0.21 and 0.22 (the latter a proposed Mach 2

interceptor), but the French government withdrew support in 1957,

bringing Leduc's ramjet work to a close. In 1959, however,

another French experimental aircraft, the canard delta Nord 1500

Griffon reached Mach 2.19 (1448 mph) under the combined power of a

turbojet and ramjet, the ramjet contributing approximately 80% of

the total thrust of the propulsion system. Interestingly, the

United States Air Force supported Nord research via trans-Atlantic

research contracts. 5  These projects were the exceptions, however,

for overall, as Sloop has written, the success of the turbojet

overshadowed that of the temperamental and fuel-hungry ramjet.

There were some areas where the ramjet excelled, however,

involving primarily the field of missile development. The mili-

tary services expressed an early and intense interest in ramjet

propulsion for missiles, and the NACA contributed greatly to a

ramjet knowledge base with research programs at the Lewis and

Langley laboratories in the 1940s and 1950s, initially undertaken

at the behest of the Navy's Bureau of Aeronautics in 1944. NACA

researchers at the Langley Memorial Aeronautical Laboratory did

not limit their research merely to missile applications, however.

A team composed of Eastman Jacobs, Arthur Kantrowitz, Macon Ellis,

Clinton Brown, and Coleman du Pont Donaldson investigated possible

piloted ramjet vehicle applications. In December 1945, in a NACA

Advance Confidential Report, Brown and Ellis proposed a ramjet

supersonic research aircraft air-launched or towed to altitude,

and then accelerated by small rocket boosters to transonic speeds

where the ramjet would function. This 2500 lb. aircraft would

have had a maximum speed of Mach 1.4, and though it did not emerge

from the conference stage, it is nevertheless interesting as an

example of the directions Langley ramjet researchers were taking

at war's end.6 In 1947, a NACA research ramjet reached Mach 1.45

after a small rocket booster accelerated it to ignition velocity.

In 1949 and 1950, the NACA tested the more advanced ethylene-

fueled F23 ramjet (Figure 3), which reached Mach 3.12 at an alti-

tude of 67,200 feet (coasting to a peak of 159,000 feet after

engine burnout) during one flight test at Wallops Island on
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June 6, 1950. NACA also undertook air-launched ramjet trials,

launching them from modified North American F-82 Twin Mustang and

McDonnell F2H-2 Banshee fighters. Figure 4 shows one such test

vehicle, with a Thiokol T55 solid-fuel rocket booster contained

within the ramjet and then expelled through the nozzle as the ram-

jet fired up. This ramjet, designed by the Lewis laboratory,

burned pentaborane fuel, and on February 23, 1956, demonstrated

satisfactory operation using pentaborane up to Mach 3.02 following

air-launch from an F2H-2 at 42,000 feet. A slurry-fueled ground-

launched F29 ramjet (the slurry consisting of a mix of 50% JP-4

hydrocarbon and 50% magnesium, magnesium oxide, and aluminum)

reached Mach 3.84 during testing at Wallops in 1958, a record for

NACA ramjet testing.
7

The ramjet asserted itself most notably in early missile pro-

grams such as the Navy's Talos and Air Force's Bomarc surface-to-

air missile systems, and the abortive North American Navaho

(MX-770). Of these three, the Navaho was the most ambitious,

being a Mach 3+ intercontinental cruise missile. Though a

subscale turbojet-powered demonstrator, the X-10 series, completed

a number of successful flights, tests of the Navaho itself were

disappointing, and the Air Force had, in any case, greater faith

in the pure ballistic intercontinental missile as typified by the

on-going Atlas program. Talos and Bomarc were successful

programs, seeing widespread shipboard and land-based- service,

respectively; the Bomarc program benefitted from the earlier

Lockheed X-7 effort, for the X-7 had tested the RJ-43 Marquardt

ramjets subsequently incorporated on the Bomarc SAM. 8

John Becker's essay offers a detailed examination of the

scramjet field as it pertained to the NACA/NASA and the evolution

of the NASA Hypersonic Ramjet Experiment program. As a more gen-

eral background, it is interesting to consider the work undertaken

by other organizations in this area, as well as the climate of

thought regarding the field of ramjet propulsion for very high

speed flight. Following closely on the heels of research papers

by other scramjet enthusiasts beginning in 1958, Antonio Ferri of
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Figure 3
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General Applied Science Laboratories (and the Polytechnic

Institute of Brooklyn) had argued forcefully and eloquently for

consideration of supersonic combustion ramjets for hypersonic pro-

pulsion in a series of meetings and papers delivered in the early

1960s before the aerospace community both within the United States

and abroad.9 The great amount of interest that this noted aero-

space scientist stirred-up led researchers within the Air Force,

NASA, and the Navy to investigate the scramjet's potential as a

propulsion system for hypersonic vehicles. Generally speaking,

only the Air Force and NASA envisioned scramjets propelling manned

hypersonic vehicles; the Navy's interest lay primarily in the

field of scramjets for missile propulsion using storable

propellants. Ultimately, after the denouement of the HRE experi-

mental program and the sorry story of the proposed National

Hypersonic Flight Research Facility (which is discussed in the

next case study, and which would have made use of scramjet

propulsion, at least in part), the majority of Air Force interest

in scramjets turned, like the Navy, towards missile applications,

except for die-hard advocates at the Aero-Propulsion and Flight

Dynamics Laboratories at Wright-Patterson AFB, who kept the

service's manned-vehicle scramjet applications alive until the

onset of the National Aero-Space Plane (NASP) program. Before

discussing Air Force work contemporaneous with that of the HRE, it

is useful to examine the Navy-sponsored work, undertaken by a team

of researchers at the Applied Physics Laboratory of the

Johns Hopkins University. Already as early as 1958, APL research-

ers Fred Billig and G. L. Dugger had achieved net positive thrust

during tests of a small scramjet model in a Mach 5 airstream (the

model burned an aluminum alkyl fuel). In 1961, Billig and Dugger

took out the first scramjet patent, for a proposed naval surface-

to-air missile. Beginning in the early 1960s, APL devoted its

attention to component development (i.e.: inlets, fuel injectors,

and combustors), and in 1968, this work culminated in the initia-

tion of testing of an actual borane-fueled "free-jet" scramjet

engine at free-steam Mach numbers of 5.0, 5.8, and 7.0 (Figure 5).

The engine featured three separate combustion modules arrayed
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Figure 5

All Dimensions in Centimeters Module Location
11.43 Capture Radius 12.7 Exit Radius Looking Upstream

Cowl--, _ _

"T1-d- Inlet •4-Combustor -4- Nozzle -PIT
(Li"- 53.98) (Lc) (Ln)

Duct(Ld) Spacer or Injector (1.27)

Model Ld Lc Ln Nozzle %x/Ain

Taper 0.00 55.88 22.85 150 Conical 1.0000

Step 0.00 55.88 22.85 150 Conical 1.0000

Long-Isolator-Taper 34.29 55.88 22.85 150 Conical 1.0000

Long-Isolator-Step 34.29 55.88 22.85 150 Conical 1.0000

Short-Isolator-Step 8.89 46.36 38.10 Contoured 1.2346

*Model Exit-to-Inlet Area Ratio

Dashed Lines Indicate Conical Nozzle

Taper - Tapered Combustor
Step - Step Combustor

JOHNS HOPKINS APPLIED PHYSICS LABORATORY SCRAMJET TESTBED ENGINE
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axisymmetrically at 120 deg. intervals; researchers tested this

engine at the Ordnance Aerophysics Laboratory at Daingerfield,

Texas at Mach 5 and 5.8 velocities, and at APL's own free-jet

facility for the Mach 7 tests. Testing indicated "a number of

areas where further development is needed," including structural

cooling of the engine, cheaper and less-toxic fuels, and research

on fabrication techniques.
1 0

In the first quarter of 1965, the Air Force Aero-Propulsion

Laboratory at Wright-Patterson Air Force Base established a

Scramjet Technology Division following recommendation by an Air

Force Systems Command Scramjet Ad Hoc Working Group that the serv-

ice increase emphasis on ramjet technology hopefully leading to

"early exploitation of supersonic combustion ramjets and

hypersonic vehicles."''1 To effect greater coordination, NASA and

the Air Force formed a joint NASA/Air Force Ad Hoc Working Group

co-chaired by Robert Supp of the AFAPL and John Becker of Langley

Research Center. In May 1965, this group issued its findings

after reviewing progress in scramjet technology and hypersonic

vehicle programs, concluding that both the Air Force and NASA rec-

ognized the potential of the scramjet and intended to "exploit

this concept vigorously," that no undesirable duplication of

research effort seemed to exist, that "a major joint goal" should

be "a small manned hypersonic scramjet-powered test vehicle" (for

test in the 1973-1974 time period), and that future close coordi-

nation including joint in-house symposia was highly desirable.

The group recognized six key scramjet flight test research pro-

grams as forming the core of NASA-USAF research in the 1965-1975

time period including an Air Force incremental scramjet study pro-

gram (1965-1969); X-15A-2 HRE testing by NASA (1965-1970);

Mach 3-Mach 12 scramjet flight testing by the Air Force

(1965-1971); an advanced hypersonic cone study by NASA

(1965-1968); development and testing of the delta-wing scramjet-

powered X-15 by NASA (1965-1970); and, finally, study, design,

development, fabrication, and flight testing of a manned

hypersonic research vehicle (1966-1975).12
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Thus, by 196t, the Air Force and NASA's leading experts in the

field of scramjet and hypersonic vehicle development had committed

themselves to an ambitious program of hypersonic air-breathing

research. In fact, precious little of this program ever reached

fulfillment, due to the occasional unpredictable meanderings of

the R and D process and the budgetary pressures of the Vietnam

War. A limited Air Force incremental scramjet flight test program

was undertaken (to be discussed subsequently) though no actual

"hot" scramjet firings occurred; the X-15A-2 flew only with a

dummy HRE installation; the Mach 3-Mach 12 testing did not take

place; the delta X-15 fell by the wayside; and, finally, the pro-

posed manned demonstrator lingered on for over a decade until can-

cellation of the National Hypersonic Flight Research Facility in

the late 1970s. (As of 1986, in fact, no scramjet is known to

have been tested in actual flight, though Canadian researchers

tried twice, with horizontal and near-vertical firings of test

engines from modified 16 in. naval cannon in 1968 and 1974; in

each case problems unrelated to the scramjet concept prevented a

successful flight. That no further test work was undertaken may

be seen as a commentary on both the difficulties of this technol-

ogy as well as, perhaps, a commentary on how the scramjet had

declined in glamour vis a vis aerospace research priorities fol-

lowing the heady days of the 1960s).

In February 1966, the Aerospace Vehicles Panel of the Air

Force Scientific Advisory Board endorsed comprehensive investiga-

tion of the supersonic combustion ramjet concept, stating that: 1 3

It is the feeling of many members of this Panel, that

hypersonic aircraft with air-breathing propulsion of some
variety will eventually be required for military
purposes. The form that this requirement will take is
today quite vague but could be useful in the staging of

various vehicle systems into earth orbit, or for very
fast reacting cruising systems. At the writing of this
report no clear application of hypersonic flight has been
identified to the point where a strong case can be made
for an immediate development of very high cost. The
Panel instinctively feels that this will come and there-
fore the Air Force should continue to carry out fundamen-
tal work in the critical areas of structures, flight
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dynamics and propulsion for hypersonic v'hicles to pre-

serve the option to go this route if a real requirement
develops rapidly as it has done so often in the past.

One of the most intriguing new concepts for the propul-
sion of hypersonic vehicles is the supersonic combustion
ramjet (SCRAMJET). This device offers the potential of a
new mode of propulsion at high speed and high flight
altitudes and appears to be capable of being developed
into a propulsion system for hypersonic aircraft with
additional future effort.

While early experimental work on the SCRAMJET is
encouraging, many problems remain to be solved in such
areas as high efficiency nozzles and inlets, aerodynamic
heating, structures, materials and efficient combustion

over the full range of flight speeds and altitudes.
Operation of the SCRAMJET in the regime of M-6.0 to 12.0
appears less difficult than in the regime of M-3.0 to 6.0

or above M-12.0.

The Aerospace Vehicles Panel agrees with the recommenda-

tions made by the SAB Ad Hoc Committee on Air-breathing
Propulsion "Hypersonic Propulsion Program" (December
1965). Their report recommends a careful analysis be
made by the Air Force of the potential usefulness of
hypersonic vehicles relative to other Air Force needs and

ways of accomplishing its objective. If the conclusion
from this analysis is that hypersonic vehicles are likely
to be needed, then serious support should be given at a

level to insure an acceptable development of the program.
In the meantime work should continue vigorously in a con-
tinuation of the present background technology of which
the SCRAMJET is one element, with structures and flight

dynamics of equal importance.

In the years following 1964, the Air Force embarked on a num-

ber of hypersonic scramjet engine ground test demonstration and

component development programs including a variable geometry

Mach 5 18 in. diameter scramjet developed by the United Aircraft

Research Laboratory, a General Electric 9 in. diameter Mach 7 com-

ponent integration model scramjet, a low-speed fixed geometry

testbed scramjet developed by General Applied Science Laboratories

under the direction of Ferri, a Marquardt 18 in. flightweight

hypersonic scramjet, and a Marquardt dual-mode (i.e.: subsonic

combustion at lower flight speeds and supersonic combustion at

hypersonic speeds) scramjet, the latter achieving dual-mode per-

formance by using fuel injection from different locations within
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